The influence of freshwater and heat flux changes on Antarctic Bottom Water (AABW) properties are investigated within a realistic bathymetry coupled ocean-ice sector model of the Atlantic Ocean. The model simulations are conducted at eddy-permitting resolution where dense shelf water production dominates over open ocean convection in forming AABW. Freshwater and heat flux perturbations are applied independently and have contradictory surface responses, with increased upper-ocean temperature and reduced ice formation under heating and the opposite under increased freshwater fluxes. AABW transport into the abyssal ocean reduces under both flux changes, with the reduction in transport being proportional to the net buoyancy flux anomaly south of 608S.
Introduction
Antarctic Bottom Water (AABW) is one of the densest and most voluminous water masses of the global ocean. It forms the lower limb of the meridional overturning circulation (MOC) and plays an important role in transporting carbon, heat, and freshwater sequestered from the atmosphere to the deep ocean (Johnson 2008; Kuhlbrodt et al. 2007; Ríos et al. 2012; Purkey and Johnson 2013) . AABW source water is formed initially through surface buoyancy losses via cooling and brine rejection during winter sea ice formation where a reservoir of cold dense water may be established on the Antarctic continental shelf. The shelf water interacts and mixes with the warm, salty Circumpolar Deep Water (CDW) that intrudes onto the shelf, as well as with relatively cold meltwater from the base of marine ice shelves (Jacobs 2004) . When the shelf water is denser than the open ocean and conditions favor overflow, the dense shelf water can spill over the continental shelf, further entraining CDW (Jacobs 2004) , until reaching the abyssal ocean and flowing northward as AABW.
The process forming dense shelf water, a precursor to AABW, is absent from most current-generation climate models [e.g., those from phase 5 of the Coupled Model Intercomparison Project (CMIP5); Heuzé et al. 2015] . Most models rely on open ocean convection resulting from winter surface buoyancy losses within the Ross and Weddell Seas to provide a source of dense AABW. Compared to dense shelf water production, open ocean convection is a relatively minor and potentially infrequent contributor to AABW formation (e.g., Gordon 2001) . The different mechanisms involved in AABW formation (open ocean convection or dense shelf water production) may also respond differently to a changing climate. To encompass the complete range of AABW volume and property responses, the influence on each process must be evaluated. This study provides evidence of how shelf water-sourced AABW responds to changing surface buoyancy fluxes as a result of a warming atmosphere and increased surface freshwater fluxes.
Observed freshening of AABW (Aoki et al. 2005; Rintoul 2007; Purkey and Johnson 2010, 2013 ) is linked with evidence of increased precipitation and glacial melt around Antarctica (e.g., Jullion et al. 2013 ). AABW observations also indicate a warming and contraction of the densest water mass (Purkey and Johnson 2010, 2013) . Warming of AABW remains a significant contributor to sea level rise through thermosteric effects (Purkey and Johnson 2010) , while increases in glacial runoff have been shown to enhance sea level rise within the Southern Ocean (Rye et al. 2014; van den Berk and Drijfhout 2014) . AABW property and volume changes will likely alter the global overturning circulation. Current studies often refer to the role of AABW in the ''bipolar seesaw.'' Under such a scenario, reduced AABW transport enhances North Atlantic Deep Water (NADW) circulation (e.g., England 1993; Seidov et al. 2001; Martin et al. 2015) , which may drive systemwide changes (e.g., Seidov et al. 2001) . Despite the many studies undertaken investigating AABW sensitivity to forcing, a complete understanding of the role AABW plays in the global climate system remains uncertain.
Previous modeling studies investigating the sensitivity of AABW to freshwater fluxes focus on a uniformly distributed surface freshwater flux over the Southern Ocean, simulating either changes in precipitation, icemelt, or ice-sheet runoff and/or collapse (e.g., Aiken and England 2008; Trevena et al. 2008; Swingedouw et al. 2009; Menviel et al. 2010; Kirkman and Bitz 2011; Ma and Wu 2011; Bintanja et al. 2013 Bintanja et al. , 2015 Morrison et al. 2015) . However, changes to freshwater fluxes across Antarctica are not necessarily uniformly spread over the Southern Ocean. Increased basal melting of glacial ice sheets represents a significant local freshwater source derived solely at the continental edge. Such melting is suggested to result from increased intrusions/transport of warm CDW onto the continental shelf (e.g., Thoma et al. 2008; Jacobs et al. 2011) . Changes in CDW volume and circulation on the shelf may be attributed to changes in the westerly winds around Antarctica as a result of anthropogenic forcing (Thoma et al. 2008; Dinniman et al. 2011 Dinniman et al. , 2012 ; however, a complete understanding of the mechanisms driving increased basal melt remains uncertain (Dinniman et al. 2012) . While changes in basal melt are most prominent in West Antarctica (e.g., Jacobs et al. 2011; Joughin et al. 2012; Pritchard et al. 2012) , changes in East Antarctic ocean circulation and properties may also indicate increased basal melting (Khazendar et al. 2013; Gwyther et al. 2014) .
Changes to atmospheric heat fluxes and their resulting contribution to surface buoyancy and AABW properties have remained relatively neglected. Despite the sea surface cooling response simulated from anthropogenic forcing (as a result of a strengthened halocline hindering the upwelling of warm deep waters to the surface; refer to section 3a; Trevena et al. 2008; Swingedouw et al. 2009; Ma and Wu 2011) , changes in surface heat fluxes remain an important component of any buoyancy adjustment. Increases in net radiative fluxes under climate change are dominated by an increase in downward longwave radiation (DLR; Stephens et al. 2012; Zelinka and Hartmann 2012) . Surface atmospheric sensible heat changes also act as a major influence over the Southern Ocean (Taylor et al. 2013) . Such heat flux changes, while having the potential to alter surface water buoyancy, may also promote glacial ice melt and reduce sea ice formation. All such changes may result in adjustments to the convective mixing on the shelf and open ocean and hence the resulting AABW formation and properties.
Within an idealized ocean-only sector model, Morrison et al. (2015) show that both a latitudinally independent and a Southern Hemisphere-only atmospheric warming may lead to sea surface cooling and freshening trends in the Southern Ocean. Zhang (2007) investigates changes to Antarctic sea ice within a coarseresolution ocean-ice model following increases in surface air temperature (SAT), DLR, precipitation (P), and decreases in downward shortwave radiation (following trends in the NCEP-NCAR reanalysis data). They find that increases in SAT and DLR play a key role in influencing decadal trends in sea ice production (and hence brine rejection).
Our study quantifies the influence of both freshwater and heat flux changes to the surface buoyancy and shelf properties and how they independently contribute to the transient responses of AABW formation and water mass properties. We evaluate how changes to glacial runoff, confined to sources around the Antarctic coast, alter AABW circulation and properties and compare the response to increases in precipitation. We also investigate the sensitivity of Antarctic shelf waters, AABW properties, and overturning circulation to increased SAT and DLR. Our results provide an indication of the relative importance and contribution that heat fluxes have in controlling AABW formation and properties. Analysis is performed within a 0.258 eddypermitting sector model, where realistic bathymetry and surface forcing is applied (Snow et al. 2015) . The sector model, with ocean-ice coupling, allows us to evaluate the response of shelf-sourced AABW to buoyancy changes, providing a new range of responses absent from many previous modeling studies that rely solely on open ocean convection to form AABW (e.g., Heuzé et al. 2015 ). An increased understanding of the role of buoyancy flux changes around Antarctica will allow for an improved interpretation of how these relative changes influence AABW and the role AABW plays in the changing climate.
Method

a. Model
Most previous modeling studies evaluating the effect of buoyancy flux changes around Antarctica have generally been performed with coarse ocean resolutions, where eddy contributions to the circulation must be parameterized (with a few exceptions; e.g., Morrison et al. 2011 Morrison et al. , 2015 . Changing from coarse to eddypermitting resolution leads to improvements in the modeled representation of the Southern Ocean meridional overturning circulation (Spence et al. 2009 ) as well as improved abyssal ocean heat uptake (Zhang and Vallis 2013) . Hence, applying eddy-permitting resolution may provide improved representation of the dynamical impacts evolving from buoyancy flux changes not represented at coarse resolution. In this study, a realistic bathymetry sector model of the Atlantic Ocean is used for a suite of sensitivity experiments into the dependence of AABW formation and properties on buoyancy surface forcing [see Snow et al. (2015) for full details on the development of this model]. We increase the horizontal resolution of the model described by Snow et al. (2015) to 0.258 on a Mercator grid, with 65 vertical levels increasing from a thickness of 5 m at the surface to 200 m at depth.
The Atlantic Ocean is chosen as the sector domain as it includes formation regions for both AABW and NADW and hence allows for representation of the upper and lower global overturning cells. The sector is generated from a combination of the NOAA/GFDL 0.258 global bathymetry (Delworth et al. 2012 ) and the Weddell Sea coast of the ETOPO2v2 globally gridded 2 0 ocean and land topography (NOAA 2001) . The boundaries are defined to include the entire Atlantic Ocean, with zonally reentrant boundary conditions at Drake Passage latitudes to permit a representative Antarctic Circumpolar Current (ACC) flow. Within these boundaries the domain is deformed laterally to fit a 608-wide sector with matching conditions set at the periodic boundaries (Fig. 1) . The Modular Ocean Model, version 5 (MOM5; Griffies 2012), provides the ocean component of the model and is coupled to the GFDL sea ice simulator (SIS; Winton 2000) . Version 2 of CORE phase 2 (CORE2v2) normal year forcing (NYF; Large and Yeager 2009) is applied to the surface with the deformation of the forcing fields equivalent to that of the bathymetry in order to maintain constancy between ocean and land forcing (Snow et al. 2015) . The CORE fields provide the surface wind and buoyancy forcing component of the model. It is through perturbations to these fields that the buoyancy flux changes are applied. Vertical mixing is achieved through the K profile parameterization (KPP) surface boundary layer scheme of Large et al. (1994) , an interior gravity wave mixing scheme (Simmons et al. 2004 ) and a coastal tidal mixing scheme (Lee et al. 2006) . No overflow parameterization is applied because Snow et al. (2015) ) and the NADW overturning (4.5 Sv; Fig. 1 ) are relatively weak compared to observations (e.g., the ACC is 137 6 7 Sv; Meredith et al. 2011) . These low values result from the incomplete process representation (such as including only one-sixth of the globe in our domain and the closed wall boundaries at the northern edge). However, the goal of our model is to provide a representation of the circulation present in the global ocean, including that of the lower and upper cells, and the key processes defining AABW. Marginally lower ACC and NADW compared to observations does not hinder our reproduction of the overall processes defining AABW. Further, since our analysis is undertaken relative to a control state, any small differences in the magnitudes of the circulation cells do not necessarily influence the processes governing change in the perturbation runs.
Many previous studies of the influence of buoyancy flux changes on AABW have been coupled to an atmospheric model (e.g., Aiken and England 2008; Ma and Wu 2011) such that the role of changing surface buoyancy fluxes are not independent from other atmospheric changes (i.e., subsequent induced wind shift/intensification). In this study, surface forcing perturbations are applied as a step change to the CORE forcing, removing any such atmospheric feedback and allowing for a mechanistic understanding of how each buoyancy flux and forcing term independently influences the AABW formation and properties.
b. Buoyancy perturbations
In this section we outline the formulation of buoyancy flux changes that are consistent with future projections based on the CMIP5 representative concentration pathways (RCPs). The application of heat and freshwater fluxes are considered separately with a range of values applied in order to capture the relative influence of each buoyancy term.
1) HEAT FLUXES
Heat flux changes are applied through a contribution of DLR and SAT. To quantify possible future projections of DLR and SAT in the Southern Ocean, outputs from 15 CMIP5 models are analyzed . The DLR and SAT in each model are zonally averaged over the ocean, and the differences between the presentday mean and the projected decadal mean (2090-2100) are calculated for two RCPs-RCP4.5 and RCP8.5 (corresponding to top-of-the-atmosphere imbalances of 4.5 and 8.5 W m 22 , respectively, by 2100; Taylor et al. 2012) . The forcing perturbation is based on the multimodel mean, except that, since we are primarily interested in the sensitivity of AABW, changes in DLR and SAT north of 508N are kept constant in order to avoid northern polar amplification dominating the model response. The perturbations in DLR and SAT are then added to the CORE2v2 fields (Figs. 3a,b) as a latitudinally invariant field for each of the RCP4.5 and RCP8.5 cases (experiments labeled H45 and H85). To attain a wider spectrum of possible responses (and as a result of the limited model output available for RCP2.6 and RCP6.0), we average the H45 and H85 forcing to obtain a representative RCP6.0 case (labeled H60) and halve the H45 input to attain a fourth minimum warming scenario (labeled H20). Table 1 (Zhang 2007) . Our simulations provide a step change that over 100 years averages to an increase in SAT of 0.0148C yr 21 for RCP4.5 and 0.0338C yr 21 for RCP8.5.
2) FRESHWATER FLUXES
Changes in the freshwater budget of the Southern Ocean are likely to be derived from a combination of glacial runoff from Antarctica and trends in precipitation (as well as the response of sea ice). Antarctic glacial melt from ice sheets has increased significantly over recent decades (e.g., Jacobs et al. 2011; Pritchard et al. 2012) ; Large and Yeager 2009; we remind the reader that our domain is only about one-sixth that of the globe). There is no direct estimates of future glacial runoff changes; hence, we elect to amplify the existing runoff pattern. To simulate the enhanced runoff, we apply increases of 1.3, 1.6, 2, and 2.3 times to the CORE2v2 runoff sourced from the Antarctic coastline (experiments defined as R13, R16, R2, and R23, respectively; Fig. 3b ; Table 1 ). The coastally uniform distribution of the CORE2v2 runoff does not allow for regional variability of basal melt rates (van den Berk and Drijfhout 2014); however, it still provides an indication of how glacial runoff changes may influence shelf properties.
In parallel to the runoff cases, we also investigate scenarios in which precipitation increases south of approximately 108S (chosen because this is the latitude of minimum cumulative freshwater flux change, based on the CMIP5 multimodel mean; Figs. 2e,f). Our model allows no net mass increase of the ocean. Excess mass from changes in precipitation, evaporation, and runoff is removed by adjusting the precipitation using a constant offset. We aim to minimize this offset by inducing changes only to 108S, where the minimum change in precipitation is attained in the perturbation. Further, since we are focused on the Southern Hemisphere response to buoyancy flux changes, changes to Northern Hemisphere fluxes are ignored. We consider two precipitation experiments, P45 and P85, which apply the 
c. Experiments
The control state (CTR) is spun up for 500 years (Fig. 4) , maintaining the original CORE2v2 NYF fields. At year 501 perturbation experiments are branched from the control run. A total of four runoff, two precipitation, and four heating perturbation experiments are performed (Table 1) . Each perturbation run is continued for 100 years, and the transient response of each experiment is compared with the equivalent period in CTR to quantify AABW's sensitivity to each buoyancy flux change.
d. Net surface buoyancy flux
One caveat regarding the freshwater fluxes is the influence of salinity restoring. Salinity restoring is commonly applied to ocean models to maintain an equilibrium surface salinity in close agreement with observations. In the Atlantic sector, salinity restoring is applied to the ocean surface with a damping time scale 
where F p is the freshwater flux from precipitation, F e is the flux from evaporation, F runoff is the freshwater flux from runoff, F melt is the flux from ice melt and formation, and F rest is the flux from salinity restoring. The restoring term partly counters the applied freshwater flux perturbations (e.g., in the R2 case, salinity restoring reduces the freshwater flux change by approximately one-third). However, since we account for the salinity restoring changes in our freshwater flux calculation and are only concerned with the total change in freshwater fluxes in our analysis, the damping by the salinity restoring does not influence our results. An initial adjustment period of approximately 10 yr occurs where the model responds to the perturbed runoff or precipitation and the equivalent freshwater flux applied through salinity restoring responds (not shown). After this period, an approximately steady trend to the freshwater flux is maintained.
Similarly to the freshwater fluxes, the total heat flux F h (W m
22
) is defined as follows:
where F sw is the heat flux from shortwave radiation, F lw is the flux from incoming minus outgoing longwave radiation, F lat is the latent heat flux, and F sens is the sensible heat flux. The freshwater and heat fluxes are combined to produce a net surface buoyancy flux (B net ; m 2 s 23 ):
where g is the acceleration due to gravity (9.81 m s is the density of freshwater. The average change in net surface buoyancy flux south of 608S is used to provide a comparative measure of the influence of each perturbation and to indicate the role buoyancy plays in controlling AABW properties.
Results
a. Surface and sea ice response
During the latter stages of the model spinup (simulated with CTR parameters) there is no systematic trend in the annual cycle of the sea ice. When the heat flux forcing is perturbed, sea ice adjusts rapidly within the first few years of the perturbation (not shown). A substantial decrease in total summer sea ice mass south of 608S occurs for all heat flux perturbations, almost disappearing in summer for the H85 case (Fig. 5a ). This decrease occurs despite unchanged ice formation rates in the H20 case (Fig. 5) due to increased melt rates over the summer months.
The sea ice mass change is negligible for increasing freshwater fluxes from runoff; however, sea ice mass increases by up to 10% for the precipitation cases ( Fig. 5;  P85) . No trend in the snow-to-ice mass flux was found (not shown), and hence the reason for the increased sea ice in P85 compared with R2 (which have similar change in net buoyancy flux) may be understood by the broadly distributed nature of the flux change in P85 relative to the coastally confined runoff of R2. R2 drives local changes on the shelf but does not influence the larger Southern Ocean region as P85 does. The increased sea ice in P85 (relative to CTR) occurs because freshwater freezes at a higher temperature than saline water (freezing point is 21.88C at the surface); surface freshening across the Southern Ocean increases sea ice growth.
An alternative measure of the sea ice response is the annual freshwater flux from ice formation, which also decreases with increasing surface heat flux, though a modest increase occurs for the freshwater flux perturbations (Fig. 5b) . Given that the system adjusts to the perturbations rapidly, the amount of formation indicates the magnitude of the seasonal cycle. The decrease in annual sea ice formation in warming cases thus indicates that both summer and winter sea ice have decreased, while the small, but systematic, increase (0.5%-2%) in production in the freshwater scenarios is consistent with a lower barrier to sea production in fresher water ( Fig. 5b ; runoff and precipitation perturbations). The exception to the trends is that of H20. In that case the ice formation does not change significantly from CTR despite the warming. The unchanged formation rate may be a result of the decreased surface salinity (Fig. 5d ) allowing favorable ice formation conditions that compensate the warmer atmospheric conditions inhibiting ice formation. In the H45-H85 cases, the increased heat flux overwhelms the influence of surface freshening to hinder ice formation.
A total reduction in sea ice mass (Fig. 5a ) facilitates an increase in freshwater flux to the ocean from sea ice melt. Following the reduction in sea ice, a net reduction in ice melt (and formation) occurs (Fig. 5b) . Since ice formed in the southern regions of the Southern Ocean is often advected northward (by winds and ocean surface Ekman transport), reduced ice formation leads to a decreased northward flux of freshwater from sea ice. Table 1 .
Further, since ice formation is a net freshwater sink while melt is a source, the decreased formation rate allows a relative increase in freshwater fluxes south of 658S (9.8 3 10 210 m 2 s 21 for H45 over the final decade), while the decreased northward flux (and hence decreased melt) in the northern regions leads to a net freshwater flux decrease between 508 and 658S (by 26.7 3 10 210 m 2 s 21 for H45 over the final decade).
The resultant freshwater flux change occurring via ice removal south of 658S is an order of magnitude larger than that induced by applying projected precipitation changes (e.g., P45 leads to a freshwater flux change south of 608S of 2.8 3 10 210 m 2 s 21 over the final decade). These results emphasize the importance of sea ice and heat fluxes in controlling the buoyancy changes within the Southern Ocean. Since sea ice mass decreases with increased heating, surface freshening concurrently increases. Such increases are in contrast to Morrison et al. (2015) ; however, their study did include sea ice and so was unable to incorporate the surface freshwater flux feedback mechanism. Annually averaged upper-ocean temperature warms significantly across the Southern Ocean south of 608S under the heating experiments (Fig. 5c) . Freshwater fluxes on the other hand lead to upper-ocean cooling.
This cooling is likely a result of increased surface freshwater fluxes strengthening the upper-ocean halocline and impeding the convection that precedes AABW formation (Aiken and England 2008; Trevena et al. 2008; Swingedouw et al. 2009; Ma and Wu 2011) . Reduced convection increases the residence time of surface waters under atmospheric fluxes, facilitating a net cooling.
Despite the upper-ocean warming under heating, winter SST illustrates regions of cooling on the shelf (Fig. 6c) . The shelf cooling is more widespread in the runoff case (Fig. 6a) . This cooling trend may be explained through changes in on-shelf/off-shelf exchange (see section 3b) as a result of decreased shelf water density (Figs. 6g,i) . The precipitation experiments exercise less influence on the shelf water properties as a result of the persistent ice barrier near the shelf insulating the ocean from the atmospheric fluxes. Hence, the precipitation experiments lead to the least reduction in on-shelf density (e.g., at the surface; Fig. 6b ), the smallest changes in the on-shelf/off-shelf exchange (section 3b), and consequentially the smallest shelf cooling response in regions of AABW source waters (which in this model occurs on the eastern edge of the shelf). The reduction in sea ice and increase in upper-ocean temperature for all the warming cases (Figs. 5a,c) is in contrast to recent observations showing increased ice production around Antarctica (Parkinson and Cavalieri 2012; Bintanja et al. 2013; Turner et al. 2013; Blunden et al. 2014 ) and an ongoing cooling trend of Southern Ocean surface waters (e.g., Latif et al. 2013; Fan et al. 2014) . Mechanisms driving these observed trends are poorly understood. Decreased Southern Ocean SST may be attained through a feedback between oceanic convection and AABW formation around Antarctica. Increased heat and freshwater fluxes increase the strength of the upper-ocean stratification, hindering the onset and strength of deep convection and hence the flux of warm waters brought to the surface. Indeed, many modeling studies simulating increased surface freshwater fluxes around Antarctica produce cooling of surface waters (Aiken and England 2008; Trevena et al. 2008; Swingedouw et al. 2009; Ma and Wu 2011; Bintanja et al. 2013 Bintanja et al. , 2015 Morrison et al. 2015) . While our results produce no significant change in SST as a result of increases in runoff and precipitation (not shown), the upper 200 m does illustrate a cooling trend for the runoff cases (Fig. 5c) . Morrison et al. (2015) found surface cooling responses in the Southern Ocean as a result of atmospheric warming, though such cooling only occurred for small increases in surface heat flux that allowed a feedback upon surface freshening, while for larger heat fluxes, SST warming occurred. The latter result agrees with Zhang (2007) , who found increasing upper-ocean temperatures as a result of increased SAT and DLR. In our analysis, the heating scenarios increase upper-ocean temperatures south of 608S in all cases. The reduction in convective heat flux in our experiments (i.e., reduction of surface mixing with interior warm CDW) resulting from increased surface stratification does not compensate the surface warming. For example, the maximum decrease in convective heat flux over the perturbation period for H45 is of the order 0.3 W m
FIG. 6. Years 90-100 difference from CTR in (a)-(c) winter SST (8C), (d)-(f) annual sea surface salinity (SSS), and (g)-(i)
s
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. However, for the last decade of the experiment (when increased SST will reduce the relative heat flux from longwave and sensible heating) a change in heat flux (relative to CTR) of 1.4 W m 22 to the ocean surface south of 408S is maintained. Finally, the observed cooling of SST around Antarctica is postulated to be only an initial response to atmospheric changes and may indeed lead to warming in future periods (Marshall et al. 2014; Ferreira et al. 2015) . The role of internal variability in the current observations also remains unclear (Zunz et al. 2013) . It has been proposed that these recent observational trends may in fact originate from internal variability on decadal to centennial time scales Latif et al. 2013; Zunz et al. 2013; Fan et al. 2014 ) rather than external anthropogenic influences.
b. Shelf and deep ocean response
While surface changes are an important component of the climate response, this study is primarily designed to examine the influences on AABW properties. Freshening of both shelf (waters shallower than 1000 m and south of 608S) and AABW water masses (Figs. 7d-f) is consistent with observational evidence (e.g., Zenk and Morozov 2007; Purkey and Johnson 2010; Hellmer et al. 2012; Azaneu et al. 2013) . Freshening of shelf waters is greatest in the warming scenarios because of the dominant role ice removal has in the freshwater flux budget. Precipitation cases, on the other hand, produce the smallest change in shelf salinity since it exerts minimal influence over the ice-covered shelf (see section 3a).
All simulations produce a widespread warming trend in the deep ocean left) . The warming in the freshwater cases is likely in response to the reduced convection from increased surface freshening and stronger stratification. Convection mixes cold surface water downward; thus, reduced convection results in an overall subsurface warming. The warming is enhanced in the precipitation case compared to runoff (Fig. 8, left) , likely due to the minimal influence runoff has on the open ocean (and hence the open ocean convection) compared to precipitation. The warming is amplified in the heating scenarios (as expected), with the magnitude of the warming being proportional to the size of the heat flux perturbation (Fig. 8, left) .
The warming trends of deep water are in accordance with observations (Robertson et al. 2002; Fahrbach et al. 2004; Purkey and Johnson 2010; Fahrbach et al. 2011 ). However, a striking response of the runoff cases (Figs. 7a and 9a ) and initial years of the warming and precipitation cases (not shown) is a cooling of the densest bottom waters north of 608S. This cooling can be traced back to AABW sources on the shelf, which decreases in temperature during winter and 8, right) and is advected to the ocean bottom within the first decade (Fig. 10) . As the densest source of AABW, the cool shelf waters descend to the abyssal ocean creating regions of cooling on the ocean bottom despite warming within the deep ocean.
The cooling of dense shelf waters occurs in response to reduced on-shelf/off-shelf exchange (Fig. 11) . As the density of the shelf water decreases (Figs. 6 and 7) , offshelf flow is diminished, hindering the on-shelf exchange flow. A similar result was found by Stewart and Thompson (2015) , in which decreased surface salt fluxes within a highly idealized slope configuration decreased AABW off-shelf flow and CDW on-shelf flow. Since the waters flowing onto the shelf are derived from the relatively warm CDW (Fig. 4) , reduced exchange leads to cooling on the shelf from where AABW is derived (Figs. 6 and 7) . The mechanism active in this model is therefore consistent with recent evidence of cooling of dense shelf water across Antarctica from 1958 to 2010 (Azaneu et al. 2013) . Our results provide the first evidence of a positive feedback on dense shelf water cooling via changes in the on-shelf/off-shelf exchange flow.
The different abyssal cooling responses between the schemes are due to the contrasting ways the buoyancy flux components influence the shelf versus the open ocean. Precipitation produces the weakest cooling response on the shelf, yet enhanced deep ocean warming (Fig. 8) . Such responses are likely a result of the limited impact precipitation has on shelf densities compared to the other perturbations [Figs. 7b, 8 (right) , and 9b] due to precipitation fluxes being more dispersed across the Southern Ocean and the persistent ice barrier near the shelf insulating the ocean surface from atmospheric changes. With limited density changes there is minimal influence on the on-shelf/off-shelf exchange flow compared to the other experiments (Fig. 11) . Hence, precipitation dominantly drives changes in the open ocean, leading to an overall warming of the abyssal ocean through most of the perturbation period (Fig. 12) . Runoff, on the other hand, is sourced directly into the ocean shelf region and is not influenced by the sea ice condition. Such a distribution leads to a strong shelf cooling response and minimal open ocean warming (Fig. 8) , allowing runoff to cause abyssal cooling south of 308S for the entire perturbation period (Figs. 9a and  12a) . The differing responses of precipitation to that of runoff highlight the importance of including local glacial runoff in climate simulations. Many previous studies investigating the influence of increased freshwater fluxes to the Southern Ocean focus on the impact of changes in precipitation. Our results highlight a limitation of many climate models, including those of CMIP5, as they are unable to simulate freshwater flux changes from increased glacial melt (Lavergne et al. 2014; van den Berk and Drijfhout 2014) .
Increased heat fluxes, through influencing the sea ice condition as well as the ocean state, maintain significant changes over both the shelf and open ocean (Figs. 6c,f,i and 7c,f,i). These changes lead to strong shelf cooling and open ocean warming (Fig. 8) . Through driving adjustments on both the shelf and open ocean, the cooling of the abyssal ocean is reversed in the final periods of the warming scenarios (Fig. 12a) role of shelf water properties and exchange in driving AABW variability in conjunction with longer-term anthropogenic forcing.
Observations suggest a warming trend within the bottom water of the Argentine basin and Brazil basins (Coles et al. 1996; Johnson and Doney 2006; Johnson et al. 2014) ; however, there is evidence of cooling and freshening on AABW density surfaces having occurred during the 1980s in the Argentine region (Coles et al. 1996) . Further, while a warming trend is evident from 1989 or 1995 to 2014 in the Argentine basin, no significant warming is observed from 2005 to 2014 (Johnson et al. 2014) . The recent reduced warming of the Argentine basin has been proposed as a response to reduced inflow of AABW to the region (Johnson et al. 2014) . Our results suggest an alternative mechanism to produce a period of reduced warming response in the Argentine basin, derived from the potential to cool shelf waters forming AABW (Fig. 12) ; that is, a change in onshore/offshore exchange can drive temporal variability in the Argentine basin.
Abyssal cooling in our simulations is confined to regions below 4000 m in the Argentine basin (R2; Fig. 7a) . Hence, the warmer waters above may constitute a larger portion of AABW entering the Brazil basin as mixing occurs across the relatively shallow Vema Channel (depth of ;4600 m; Zenk and Morozov 2007) . This mixing allows warming within the Vema Channel and Brazil basin (as found in observations; Zenk and Morozov 2007) for all simulations, despite the periods of cooling within the Argentine basin (Figs. 7 and 12a) .
The cooling of dense shelf waters simulated in our model (Fig. 8, right) provides a mechanism explaining the observations of Azaneu et al. (2013) . Inclusion of this mechanism requires shelf-sourced AABW to be correctly represented. Many climate models, and indeed those of the CMIP5 generation, rely primarily on open ocean convection for AABW formation (Heuzé et al. 2013 (Heuzé et al. , 2015 . The different responses attainable by including shelf processes indicate a limitation of many climate models and emphasize the importance of incorporating shelf-sourced AABW in the bottom water formation process. Increased freshwater/heat fluxes to the ocean surface decrease AABW source water densities and hinder the onset of convection and descent of dense shelf waters. Both characteristics are derived from changes in the surface buoyancy fluxes and result in a decrease in AABW overturning. In fact, a near-linear reduction in AABW with increasing surface buoyancy south of 608S is found for all perturbation cases (Fig. 13a) . Decreased Table 1. AABW production has been observed in recent decades through a contraction of AABW density classes (Purkey and Johnson 2012) . To understand the potential impact of reduced AABW transport on the climate, the causes of such changes must be quantified and correctly attributed. Our results show that surface buoyancy fluxes play a crucial role in controlling and influencing the lower overturning cell. The strength of AABW overturning also influences the strength of the ACC (Gent et al. 2001) . A reduced northward flow of AABW across the ACC decreases the Coriolis-induced westward-flowing waters. The westwardflowing abyssal layer is damped by form stresses and topographic drag. Such damping acts as an effective eastward momentum source, meaning reduced westward flow (via reduced northward AABW) acts as a relative sink of eastward momentum (Howard et al. 2015) .
The influence of buoyancy in controlling the ACC strength is also well established (Aiken and England 2008; Hogg 2010 ). In our simulations, increased warming and freshening south of 608S (Fig. 7) act to reduce the meridional pressure gradients across the ACC fronts. The flattening of pressure gradients decreases ACC flow as a result of geostrophy [similar results were found in Aiken and England (2008) ]. Both reduced Southern Ocean density and AABW overturning contribute to a reduction in ACC transport such that greater surface buoyancy flux changes lead to larger reductions in ACC transport (Fig. 13b) .
The role of winds in influencing ACC flow has not been considered in this study. Projected poleward shifts and increased wind stress over the Southern Ocean potentially increase the ACC strength (though the role of eddy saturation in hindering any such increase must also be taken into account; Meredith and Hogg 2006) . Despite the potential influence of changing buoyancy, winds, and overturning on the ACC shown through numerous modeling studies, there is as yet no conclusive observational evidence supporting either an increase or a decrease in ACC transport through Drake Passage given the short observational time series currently available (e.g., Meredith et al. 2011; Hogg et al. 2015) .
Discussion and conclusions
The sensitivity of AABW formation, properties, and deep stratification to surface buoyancy forcing in a realistic bathymetry, eddy-permitting sector ocean-ice model has been examined. Both surface heat and freshwater fluxes have been independently considered in evaluating changes to surface buoyancy. Upper-ocean temperature in the Southern Ocean decreases under increased freshwater fluxes, while enhanced precipitation increases total sea ice mass. Increased surface heat fluxes, on the other hand, facilitate upper-ocean warming while concurrently reducing total sea ice mass. Further, reduced total sea ice mass under heating induces a change in surface freshwater fluxes an order of magnitude larger than that produced via precipitation changes. The opposing responses of the different buoyancy flux components and the large buoyancy flux change induced under heating emphasizes the importance of including both heating and freshwater fluxes in capturing the complete, and complex, response of the drivers of AABW formation and properties.
Freshening of shelf and open ocean water masses (supporting recent observational evidence of AABW freshening; Aoki et al. 2005; Rintoul 2007; Purkey and Johnson 2010, 2013 ) through increased surface buoyancy fluxes decreases the volume of AABW source water and hinders the onset of convection (via strengthening of the halocline). Reduced shelf density and convection decreases AABW transport. The decreased AABW transport is found to be proportional to the net buoyancy flux changes (influenced through both freshwater and heat flux influences), emphasizing the underlying role buoyancy plays in defining bottom water properties and the meridional overturning circulation.
Inclusion of shelf-sourced AABW in our model (unlike in many climate models) facilitates a cooling of AABW source regions in response to atmospheric warming and increased glacial runoff. Cooling on the Antarctic shelves occurs as a result of decreased onshelf/off-shelf exchange, reducing the volume of intruding warm Circumpolar Deep Water (CDW) onto the shelf. As the overflowing shelf waters descend the slope and entrain CDW, the cooler shelf waters oppose the deep ocean warming response, leading to periods of decreased temperatures in the deep Argentine basin. While runoff perturbations maintain abyssal cooling, continued deep ocean warming under increased heat fluxes eventually dominates over the dense shelf water cooling, leading to long-term net warming. The abyssal ocean response to the shelf cooling and open ocean warming presents a potential driver of decadal-scale variability of AABW properties.
The simulated dense shelf water cooling matches recent observational trends (Azaneu et al. 2013 ) while preserving the observed warming of the densest waters within the Vema Channel (Zenk and Morozov 2007) . No previous work provides a mechanism that may explain the observed cooling of dense shelf waters around Antarctica along with continued far-field warming. Further, freshwater flux increases through precipitation are unable to attain equivalent responses on the shelf and deep ocean to that of increasing glacial runoff. Our results show that including both shelf processes and glacial runoff in climate change simulations is essential to capture the complete spectrum of influences controlling AABW and abyssal stratification. Both factors are currently absent in most climate models and indeed those of the CMIP5 generation.
While the importance of shelf processes and the onshelf/off-shelf exchange is maintained, we note that even at 0.258 resolution, eddy fluxes and their role in the exchange process are not fully resolved (Stewart and Thompson 2015) . The key mechanism controlling shelf exchange within a realistic bathymetry and surface forcing model remains an important avenue for future work yet is beyond the scope of this study.
The lack of feedback and regional variability of the glacial runoff in our model presents a second limitation of our methods. A cooling on the shelf may in fact reduce the enhancement of basal melting, though consideration of ice-sheet stability must also be taken into account. The first steps to including regional varying freshwater fluxes from ice sheets in climate models is underway (van den Berk and Drijfhout 2014); however, further progress is needed to allow a fully coupled icesheet model within climate models.
Finally, since our study focused on buoyancy flux perturbations, the relative role of wind has not been assessed. We note that this limitation may influence the degree of change we find. For example, changes in the Southern Hemisphere westerly winds potentially play a role in Southern Ocean SST changes and on-shelf CDW flow (e.g., Lefebvre et al. 2004; Hogg et al. 2008; Thompson et al. 2011; Dinniman et al. 2012) . However, the controlling role of buoyancy forces in inhibiting the shelf and deep ocean warming response alludes to the possibility that the deep ocean is experiencing a more accelerated state of warming than previously anticipated. Despite the absence of winds, we maintain that in order to suitably assess the ocean's state as a result of its response to anthropogenic influences on the climate, both shelf-sourced AABW and glacial runoff changes must be suitably incorporated into climate models.
